Abstract
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As a direct consequence of the many applications of 23 crystalline zeolites, such as ion exchangers, adsorbents, 24 and molecular sieves fl], and all the possibilities implied 25 therein, increasing attention has been paid to preparing 26 zeolite membranes over the years [2], 27 Considering the many different strategies that have 28 been employed nowadays [3] [4] [5] [6] [7] and the wide variety of 29 supports that have been tested already , one might 30 think that the issue of preparing a supported zeolite 31 membrane has been successfully achieved. This, how-32 ever is not so, because even from the initial approach 33 of the direct treatment of the support with a zeolite pre-34 cursor solution [8] , it was clear that a significant layer " Corresponding author. Tel.: +34 96 590 39 46; fax: +34 96 590 34 54.
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thickness was needed to obtain a continuous film [25] , 35 More recently, the seed film method has been introduced 36 with the aim to better control the growth of zeolites on 37 the studied supports [26] [27] [28] [29] [30] [31] [32] [33] , This methodology can be 38 adapted to substrates with rather different chemical nat-39 ure, making the synthesis of thin oriented layers of zeo-40 lite crystals possible (see for example Refs. [26, 31] ). The 41 main aim of the seed film method, attempted by some 42 different approaches, is to systematically cover the sur-43 face of the support with a layer of zeolite crystals so 44 that, according to the classical theory of crystal forma-45 tion, the nucleation step is thus skipped. The advantages 46 brought for by this method are that shorter synthesis 47 times are needed for a continuous zeolite layer to grow 48 on the support and that preferential orientation is more 49 easily achieved. 50 On the other hand, quite recent studies [34, 35] have 51 tackled the issue of membrane reactors, studying the 52 applicability of such aforementioned zeolite membranes 53 54 to continuous membrane reactors (CMRs) [34] or as 55 selectivity enhancers for reactive gas sensors [35] , In 56 the latter case, the addition of a zeolite membrane im-57 proves the selectivity of semiconductor-based sensors. 58 Although finally applied to a system that could be 59 named a membrane reactor, the zeolite membrane itself 60 is only used as a molecular sieve layer, in what is known 61 as an inert membrane reactor. Up to now, some works 62 [36, 37] have reported the use of a zeolite membrane cou-63 pled with a catalytically active species in intimate con-64 tact but outside the membrane, thus constituting a so-65 called combined membrane reactor. This work adds 66 up to these aforementioned works, in which a separation 67 layer is deposited on a metallic catalytically active layer. In conclusion, the purpose of the present work is to 87 integrate both the molecular sieving layer and the cata-88 lytic layer onto the same system, thus making a combined 89 membrane reactor. The scope for doing this is mainly fo-90 cused on the electric properties of carbon (that is, being 91 carbon electricity conducting). From this point of view, 92 our two main objectives would be to first deposit a cata-93 lytically active species (metallic platinum) on the surface 94 of a carbon support by means of the Potential Step Dep-95 osition (PSD) method under potentiostatic conditions 96 and then perform the EPD of a coating of zeolite colloi-97 dal seeds in order to grow continuous zeolite films on top 98 of the catalytically active species by standard hydrother-99 mal treatment. The remarkable influence of the deposi-100 tion of platinum on the final composite is discussed. 
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Macroporous carbon discs were cut from a macro-104 porous carbon sheet (thickness = 0.5 mm, mean pore 105 size 0.7 |im) provided by Poco Graphite (DFP-1). For the electrochemical deposition of Pt under potentiostatic conditions (constant potential), an electrochemical cell of three electrodes was used (see Fig. 1 ). All the experiments were performed in a 5 x 10™ 3 M H 2 PtCl 6 + 0.5 M H 2 S0 4 (Merck, suprapur) solution using a EG&G Potentiostat/Galvanostat model 263A. The counter electrode was a platinum wire and the reference electrode was a reversible hydrogen electrode (RHE) immersed in a 0.5 M H 2 S0 4 solution in water. All solutions were prepared with high-purity water (Purelab ultra Elga system). The macroporous carbon discs acted as the working electrode. The current densities were calculated using a value of geometric area of 0.57 cm 2 , which was exposed to the solution. In all cases, the initial potential corresponds to a value in which no platinum deposition is produced (0.8 V vs. RHE)
Seeding of the supports
A suspension of silicalite-1 crystals with particle size 00-200 nm was prepared according to the method reported by Person et al. [43] by hydrothermal synthesis of a clear solution at 333 K for two weeks with the following composition:
This silicalite-1 suspension was used with the non-oxidized carbon discs, which were seeded using the setup depicted in Fig. 2 . Constant current density was applied referred to the geometric area of the carbon disc that acts as a cathode, using a Pt counter-electrode [40], A controlled current is applied to the circuit under static conditions. The area of the graphite disc (0.57 cm 2 ) that is exposed to the seeding suspension is controlled by means of a Teflon device. Both the current intensity and voltage of the circuit are monitored through the whole process. 
Zeolite crystal growth and compact layer formation 140
After electroseeding, the silicalite-1 layers were pre-141 pared at various temperatures for different times for 142 " Carbon disc The crystalline phases synthesized were characterized 159 by X-ray powder diffraction using a SEIFERT 2002 160 equipment. CuKoc (1.54A) radiation was used. The 161 scanning velocity was 2°/min, and the 20 range scanned 162 was from 2° to 60°. 163 The morphology of the synthesized composites was 164 studied by Scanning Electron Microscopy (SEM) using 165 a Hitachi S-3000N equipment. The chemical composi-166 tion of the samples was analyzed by EDX (coupled to 167 the SEM equipment. Link QX-200). 
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As a first approach towards the deposition of metallic 171 platinum on the carbon supports, we conducted two sets 172 of experiments: (i) keeping a fixed voltage pulse (fixed 173 initial and end pulse voltage) and applying the corre-174 sponding pulse for different times. Fig. 3A and B show the results corresponding to such experiments. It is clear 175 from the SEM images that longer PSD times yield a bet-176 ter coverage of the carbon supports with metallic nuclei 177 and a larger particle size. In this sense, not only did we 178 intend to obtain a coverage as good as possible, but also 179 a reasonably small particle size, in order to maximize the 180 dispersion of the metal atoms. For this reason, we con-181 ducted the second series of experiments; (ii) keeping the 182 initial pulse voltage at 0.8V, the end pulse voltage was 183 changed from 0.05 to 0.15 V and applying the corre-184 sponding pulse for 15 s. (Fig. 4B) Fig. 3A . Nevertheless, it must be noted that the results 218 apply to all other figures corresponding to deposited 219 Pt° on the carbon supports. It is obvious that the data 220 fit those corresponding to the progressive nucleation 221 model almost perfectly, which is in agreement with our 222 experimental observations (the fairly broad metallic par-223 tide size distribution observed by SEM suggested that 224 new nuclei were being formed continuously throughout 225 the PSD process). 226
Seeding of the Pt-coated supports 227
As already mentioned in the introduction section, our 228 research group has already reported the preparation of 229 continuous layers of silicalite-1 on carbon discs by 230 electrochemical methods [42] . In the aforementioned 231 communication we analyzed the influence of time and 232 applied current density of EPD in the seed crystal depos-233 it on the surface of our carbon support, reaching the 234 conclusion that after an EPD process at 9mA/cm 2 dur-235 ing 30min, the seed crystal layer deposited on the car-236 bon support is deemed appropriate for crystal growth. 237 Thus, all the forthcoming seeded materials mentioned 238 in this paper underwent the same EPD conditions (cur-239 rent density: 9mA/cm 2 EPD time: 30min). Fig. 6 shows 240 a top-view of one of such seeded materials. It is obvious 241 from the image that a complete coverage has been 242 achieved, and from our previous results we have con-243 eluded that it is suitable for the growth of continuous 244 zeolite films by standard hydrothermal treatment. It 245 must be noted that the deposition of metallic platinum 246 does not hinder the use of the resulting carbon discs as 247 electrodes for electrophoresis. In fact, the results ob-248 tained for both the Pt-coated and non-coated carbon 249 supports proved to be equally satisfactory. 250
Zeolite growth on the seeded, Pt-coated supports 251
Although the seed crystals layer might seem continu-252 ous from the top-view SEM image, the space between 253 two crystals (i.e. intercrystalline gaps) is very significant, 254 so that in the whole surface of the carbon disc, there is a 255 considerable space that is not covered by zeolite crystals 256 and that is thus not affected by the molecular sieving 257 properties of zeolites. This, as a matter of fact, is the 258 main focus of our interest since we intend to use the 259 resulting materials as membranes in the near future. 260 As a result, the sealing off of the intercrystalline space 261 is mandatory towards possible membrane applications. (4) yielded carbon 285 discs covered with a continuous, compact zeolite layer 286 (the results corresponding to synthesis composition (5) 287 will be discussed in the next section). In the case of syn-288 theses (2)-(4), the experiments yielded continuous layers 289 of silicalite-1 on the carbon supports with crystals sizes 290 ranging from 1 to 5 |atti with random orientation. In this 291 respect, SEM pictures corresponding to only composites 292 obtained from synthesis (2) are presented, since they are 293 representative of the composites obtained using the 294 aforementioned syntheses conditions. After hydrother-295 mal treatment and sonication, all membranes were 296 mounted in a permeation cell and they were tested for 297 N 2 permeation, showing no gas flow through the mem-298 brane, thus indicating the good quality of the resulting 299 zeolite layer. 300
Influence of the platinum deposit on the orientation of 301 the zeolite crystals 302
In the previous section, the data corresponding to the 303 growth of silicalite-1 of the seeded, Pt-coated supports 304 for synthesis composition (5) were purposely over-305 looked. The reason for this to happen is that there was 306 an extraordinary feature concerning the fashion with 307 which the zeolite crystals grew in that particular case. 308 Fig. 8A and B show the SEM images corresponding to 309 the top-view of the obtained composites. It is noticeable 310 that the crystals in the two samples have a strong pref-311 erential orientation. This can further be corroborated 312 by checking the X-ray Diffractograms (Fig. 9) showing 313 peaks corresponding to the (0 k I) (in the case of Fig. 314 Experimental Progressive  Instantáneo us   315  316  317  318  319  320  321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337 8A), and (0A:0) and (103) (in the case of Fig. 8B ) reflections that are noticeably more intense than those found in the polycrystalline X-ray Diffractogram for silicalite-1 [47] , thus further corroborating the preferential orientation (see Fig. 9 ). After ascertaining the reproducibility of the remarkable results obtained (the synthesis was repeated on three different seeded, Pt-coated supports, obtaining identical results to those discussed above) and in order to further investigate the subject, the same synthesis procedure (synthesis solution composition, hydrothermal treatment time and temperature) was repeated using a carbon disc (without any seeding or Pt deposition), a seeded carbon disc, and a Pt-coated disc without any seeding. In all three cases (the results corresponding to the experiments related to the seeded disc can be found in a previous communication by Berenguer-Murcia et al.
[42]), no preferential orientation occurs. The results from all these experiments seem to suggest that only when a seeded, Pt-coated carbon disc is used as a support, the final zeolite layer has a noticeable preferential orientation. Fig. 8C and D show the SEM images of silicalite-1 grown on the unseeded and seeded carbon disc (both non-Pt coated) and, as it can be seen, there is no (esoporous Materials xxx (2004) xxx-xxx preferential orientation whatsoever for the grown crys-339 tals (this can be better acknowledged from the insets 340 in each figure and from Fig. 9 where the corresponding 341 diffractograms can be found). It is thus remarkable that 342 the deposition of Pt has such an effect concerning the 343 growth of crystals on its surface. As Ref. [19] summa-344 rizes: "The final attachment to the support is obviously 345 strongly dependent on the type of support. Crystals can 346 chemically bind to the surface if surface OH groups are 347 present". Thus, considering that the Pt particles have a 348 high density of surface OH groups, the interaction be-349 tween the metallic particles and the zeolite crystals must 350 be significant. Additionally, the potential applied 351 changes the surface charge of the Pt particles which 352 can favour the interaction of the seed crystals. 353 The difference in orientation for the samples prepared 354 at 458 and 433 K can be explained on the basis of crystal 355 growth kinetics provided that the support is sufficiently 356 hydrophilic. At 458 K, the crystals grow at a much faster 357 rate, and thus the fastest-growing crystal direction (the c 358 direction) is oriented towards the Si0 2 -rich part of the 359 reaction system (which would be the synthesis solution). 360 At 433 K, though, this crystal growth rate is noticeably 361 inferior and thus, considering the alkali-free environ-362 ment, the crystal growth mechanism is most probably 363 that described by Jansen et al. [19] , It might seem highly 364 unlikely that with an uneven and hydrophobic as surface 365 as that of our carbon support it would be possible to 366 achieve such crystal orientation. In spite of the extreme 367 surface roughness of our support, the metallic platinum 368 particles may act as extremely efficient anchoring loca-369 tions, playing a remarkable role in terms of both crystal 370 growth and orientation. In fact, given the fairly homoge-371 neous coating of Pt particles on the surface of the sup-372 port, we may be introducing a "metal-like" surface 373 that is extremely convenient. The introduction of these 374 particles with a high density of surface OH groups en-375 hances the crystallization kinetics. Furthermore, it is a 376 well-known fact that the secondary growth method im-377 proves the kinetics of zeolite layer formation. 378 The combination of these two effects (Pt particles and 379 seeding) provokes our support to behave as a "classical" 380 hydrophilic support, thus the remarkable results. It may 381 then seem that the presence of the small Pt particles fa-382 vours a strong attachment of the silicalite-1 colloidal 383 seeds which will not redistribute significantly during 384 the hydrothermal treatment, making it thus possible to 385 grow oriented zeolite films. However, and as it can be 386 seen from Fig. 8B , the roughness of the carbon discs pre-387 vails sometimes causing poor crystal orientation in some 388 regions. Then again, it must be highlighted that the dep-389 osition of Pt on the surface is a critical factor for the 390 crystals to grow with their b direction perpendicular to 391 the support surface, which is something we have never 392 come across using carbon discs as supports. 
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On the other hand, and to deepen the matter, we per-395 formed synthesis (5) at 433 K on a (i.e. highly smooth 396 surface and non-porous) bulk Pt disc. Fig. 10 shows a 397 SEM picture of the obtained composite, and the inset 398 in the same figure shows how the peaks corresponding 399 to the (0A:0) reflections are much more intense than 400 those found for the composite obtained using the same 
